neuromodulatory capacity of the 5-HT system is further reflected in the numerous human behavioral disorders that are thought to involve a dysfunction of the 5-HT system. A large body of data suggests that a deficiency of central serotonergic signaling is a major factor in- 
tem is disrupted in the absence of Pet-1. Moreover, the defective embryonic development of the 5-HT system in synaptic vesicles (Weihe and Eiden, 2000) , respectively. Transcriptional control of these genes is not well is followed by aggressive and anxiety-like behavior in adults. These findings indicate that Pet-1 is a critical understood and therefore it is not known how their expression is coordinated for 5-HT neuron differentiation determinant of 5-HT neuron identity and suggest the existence of a Pet-1-dependent transcriptional program and maintenance. that selectively couples early steps in 5-HT neuron difascending and descending 5-HT immunoreactive fibers could be seen projecting away from the remaining null ferentiation to serotonergic neuromodulation in the adult.
cell bodies in both rostral and caudal domains, respectively, suggesting that these cells initiate axon pathfinding (Figures 2D and 2F and data not shown).
Results
To determine whether the failure to detect normal numbers of 5-HT immunoreactive cell bodies was Targeting of Pet-1 and Germline Transmission merely because of a lack of transmitter, we stained hindof the Null Allele brain sections with anti-AADC antiserum. A similar defiTo construct a Pet-1 targeting vector, we screened a cit of AADC immunoreactive cell bodies was observed mouse 129sv genomic library with a probe made from at E12.5 in the rostral 5-HT domain of Pet-1 null embryos a rat Pet-1 cDNA (Fyodorov et al., 1998). Analysis of but not in the developing mesencephalic dopaminergic genomic insert DNA indicated that mouse Pet-1 is about system rostral to the isthmus ( Figures 2H and 2I ). These 4 kb. Therefore, we prepared a targeting vector designed data suggest that a large number of 5-HT neurons are to remove all of the Pet-1 protein coding sequences and either not generated or their development is arrested at thereby generate a Pet-1 null allele ( Figure 1A) . Southern a precursor stage. blot analysis was used to identify targeted R1 ES stem To distinguish between these possibilities, we stained cells ( Figure 1B) , and polymerase chain reaction (PCR) wild-type, heterozygous, and Pet-1 null hindbrain secwas used to detect germline transmission of the null tions with antibody raised against the neomycin phosallele. In situ hybridization ( Figure 1C ) and RT-PCR (Fig- photransferase (neo) gene that functioned as the seure 1D) indicated that expression of Pet-1 was elimilectable marker during ES cell targeting of the Pet-1 nated in homozygous Pet-1 null hindbrain. Mendelian locus ( Figure 1 ). As expected, no anti-NEO staining was ratios were obtained at embryonic ages 11.5 and 12.5. present in the wild-type hindbrain ( Figure 2M ). However, The percentage of homozygous Pet-1 null mice at weananalysis of adjacent sections from heterozygotes indiing, however, was somewhat lower than expected, sugcated similar patterns of staining for NEO and 5-HT in gesting that perhaps a small number of nulls may not the rostral and caudal domains ( Figures 2K and 2N ). survive ( Figure 1E ). Preliminary data suggest a window Thus, neo is properly expressed under the control of of vulnerability spanning approximately the first week Pet-1 regulatory elements and can be used to detect after birth, after which no abnormal loss of nulls was 5-HT neuron precursors in targeted mice. Interestingly, evident (J. Erickson, L.J.W., T.J.H., and E.S.D., unpubanalysis of Pet-1 null hindbrain revealed that while the lished). Impaired ability to feed is not likely to account number of 5-HT immunoreactive cell bodies was greatly for this loss, as stomachs of Pet-1 null neonates were reduced ( Figure 2L ), the pattern of NEO staining (Figure filled with milk and this did not appear noticeably differ-2O) was indistinguishable from that seen in heterozyent from wild-type or heterozygous littermates. gotes ( Figure 2N ). Moreover, costaining for these markers in the Pet-1 null rostral domain revealed that most Rostral and Caudal Hindbrain 5-HT Neuron NEO-positive cells were 5-HT negative ( Figure 2Q ).
Differentiation Is Disrupted in Pet-1 Null Mice
These data suggest that in mice lacking Pet-1, 5-HT The onset of Pet-1 expression relative to the appearance neuron precursors are generated in correct numbers but of 5-HT in the developing hindbrain suggested that Pet-1 the majority of them fail to differentiate. might play a role in differentiation of the 5-HT system. Thus, we began our analysis of the Pet-1 null phenotype by determining whether the initial appearance of the 5-HT Neurons Are Missing in All Pet-1 Null Dahlstrom and Fuxe B Nuclei transmitter was altered either in the rostral or caudal hindbrain domains or both. The earliest time at which
The viability of Pet-1 homozygous null mice provided an opportunity to investigate the consequences of Pet-1 significant numbers of 5-HT immunoreactive cell bodies can be detected in mouse is approximately E11.25 to deletion on the adult 5-HT system. As the positions of 5-HT neuron clusters in the adult spans several levels 11.5 for the rostral domain and E12.5 for the caudal domain. At E11.5 (Figures 2A and 2B) We also investigated whether elimination of Pet-1 had secondary effects on other monamine systems of the midbrain and medulla. However, analysis of the dopaminergic substantia nigra ( Figures 3G and 3H ) and noradrenergic locus coeruleus ( Figures 3I and 3J ) with anti-VMAT2 antisera failed to detect differences in neuron number for these systems. These findings together with anti-AADC staining in embryonic hindbrain and mesencephalon ( Figures 2H and 2I) indicate that while the elimination of Pet-1 dramatically affected the 5-HT system, no effect on other monamine systems was evident.
We next examined the distribution and density of cell bodies in specific B nuclei of wild-type and Pet-1 null mice. Cell bodies of the B6 nucleus can be clearly delineated with cresyl violet in wild-type brainstem sections as indicated by the arrow in Figure 4A . In striking contrast, this nucleus appeared to be selectively missing in Pet-1 null mice ( Figure , we investigated whether substantial defects in cytoarchitecture 6D) was greatly diminished in Pet-1 null mice compared to wild-type littermates. A similar paucity of fibers was were present in the Pet-1 null brain. A series of wildtype and Pet-1 null cresyl violet-stained sections from found throughout the brain (data not shown). We then used HPLC to quantitate the levels of 5-HT. Analysis of both sexes were carefully examined using a blinded protocol for defects in nuclear groups of the cortex, cortex, hippocampus, and caudate confirmed the deficiency of the transmitter in Pet-1 null brains and indihippocampus, amygdala, thalamus, hypothalamus, and spinal cord as well as the great commissures and major cated that 5-HT and 5-HIAA levels were 10%-15% of those detected in wild-type brain regions ( Figure 6E) . projection pathways. We were unable to find any obvious differences in any structure between the Pet-1 null Consistent with histological analyses, the levels of 5-HT in Pet-1 heterozygotes was not significantly different CNS and that of wild-type littermates (Figure 7) . These results suggest that there are no major structural abnorfrom that of wild-type controls ( Figure 6F) . In contrast feeding behavior in Pet-1 null mice is normal. Balance and motor coordination were next examined using an However, we note that our analysis does not exclude the presence of subtle defects such as changes in neuronal accelerating rotorod test. Both Pet-1 null mice and wildtype littermates showed an increase in rotorod perforsubstructures, gene expression, or small differences in neuron number. mance on each subsequent day of testing, indicating normal motor learning and normal balance and coordination ( Figure 8B ). Although in early trials Pet-1 null mice Pet-1 Null Adults Display Heightened Anxiety-like exhibited significantly shorter durations on the rotorod, Behavior and Aggression these differences were eliminated by the end of testing. The viability of the majority of Pet-1 null mice provided We then measured locomotor activity in a novel environan opportunity to investigate the behavioral consement using the open field test ( Figure 8C ). General activquences of deficient central 5-HT levels. We conducted ity and exploratory behavior was evaluated by determinseveral tests to assess general health, overall motor ing the total distance traveled during a 15 min testing skills, motor learning, and activity of the null mice. We session. Pet-1 null mice tended to show a lower level first determined prior to testing the body weights of of total activity compared to wild-type littermates (Figure adult Pet-1 null mice and their wild-type littermates (Fig-8C, left ), but this difference was not statistically signifiure 8A). No significant differences were detected in either gender for the two genotypes, which suggests that cant. Together, these data indicate that Pet-1 null mice have generally normal health, activity, motor coordinasuggests that Pet-1 null mice exhibit increased anxietylike behavior. To investigate this behavior further, we tion, and learning.
5-HT Transmitter Deficiency in Target Fields
We next investigated whether Pet-1 null mice were subjected the mice to an elevated plus maze test, which is a more sensitive measure of anxiety-like behavior. Figure 8D ). association between aggression and serotonergic function. We noticed from the outset of our phenotypic analyBecause Pet-1 null males are highly aggressive and resident-intruder analyses preceded the plus maze test, ses that Pet-1 null males relative to either their wildtype or heterozygous littermates were much more likely there was concern of potential test order effect and social experience effect on anxiety-like behavior. Howto attack each other and other wild-type or heterozygous cagemates. This behavior was also evident upon routine ever, several points argue against this potential confounding effect. First, the majority of plus maze test handling. To compare this behavior in Pet-1 nulls versus controls, we used the standard resident-intruder assay animals were not used in resident-intruder tests and none of the nulls spent time in the plus maze open of isolation-induced intermale aggression (Saudou et al., 1994 ). This assay revealed that for each of three arms. Second, open field testing was performed before resident-intruder tests. Third, animals used for these consecutive trials, the latency to first attack of the intruder was significantly shorter for Pet-1 null residents behavioral tests were individually housed shortly after weaning and therefore their social experience was minithan for wild-type littermate residents ( Figure 8E rostral and caudal null hindbrain, and a corresponding number of 5-HT neurons were missing in each of the nine These findings indicate that isolation-induced intermale aggression is significantly elevated in Pet-1 nulls. adult B nuclei. Second, multiple serotonergic-specific gene expression defects were identified in the developWhile no significant differences between genotypes were found for overall locomotor activity, Pet-1 nulls ing and adult null 5-HT system, indicating that Pet-1 is required to coordinate expression of genes whose spent significantly less time than controls in the center of the test chamber relative to total distance traveled protein products together define the mature 5-HT neuron phenotype. This combination of defects resulted in (Figure 8C, right) . This increased avoidance of the central region reflects an augmentation of the natural tenlow levels of transmitter in target fields, suggesting that the developing and adult null brain is largely devoid of dency of mice to avoid open unprotected areas and activity of an animal was determined and recorded with a PC-controlled Digiscan optical animal activity system (RXYZCM, Omnitech Sequences upstream and downstream of the coding region were cloned into a targeting construct designed to remove the entire Electronics). The animal was released in the center of the field and allowed to roam the open field for 15 min. Activity was recorded Pet-1 protein coding sequence by homologous recombination using standard selection cassettes. Several rounds of electroporation and from the number of photo-beam disruptions in each quadrant to give the total distance traveled. Center to total distance ratio was G418 selection were performed on R1 ES cells. A total of 459 colonies were isolated and screened by Southern blot analysis using an determined from dividing the center distance by the total distance. Elevated Plus Maze EcoRI restriction digest and a 5Ј external probe ( Figure 1A) . Eleven positive clones were identified and rescreened using a HindIII digesThe elevated plus maze relies on the natural conflict between the tendencies of mice to explore a novel environment and to avoid tion and 3Ј external probe ( Figures 1A and 1B) 
